Introduction
Concentrations of atmospheric carbon dioxide ([CO 2 ]) and ozone ([O 3 ]) are expected to double during this century (IPCC 2001) . Generally, elevated [CO 2 ] has a positive effect on tree growth (Saxe et al. 1998) , whereas elevated [O 3 ] has a negative effect (Skärby et al. 1998) . Growth responses are mediated by changes in photosynthesis and photosynthesis-related biochemical properties of the leaves (Saxe et al. 1998 , Skärby et al. 1998 , changes in carbon allocation (Norby et al. 1999 , Matyssek 2001 ) and leaf senescence and abscission (Karnosky et al. 1996, Gielen and Ceulemans 2001) .
Although the effects of elevated [CO 2 ] and [O 3 ] have been studied extensively in seedlings and saplings, the responses of mature trees in closed forests are not well understood. In many short-term studies with elevated [CO 2 ], tree growth has increased by nearly 50% (Saxe et al. 1998) , whereas in longterm studies, growth stimulation was found only during the early years of the experiments (Rey and Jarvis 1997, Centritto et al. 1999) . It has also been suggested that the results of shortterm experiments with elevated [O 3 ] underestimate the longterm negative effects (Oksanen 2003) .
In their natural environment, trees are simultaneously exposed to many stresses that interact with each other. The few experiments that have focused on the interactive effects of elevated [CO 2 ] and [O 3 ] on deciduous trees have yielded inconsistent results. Elevated [CO 2 ] protected the trees from the negative effects of elevated [O 3 ] in some studies (Mortensen 1995 , Volin and Reich 1996 , Dickson et al. 1998 , Loats and Rebbeck 1999 , Rebbeck and Scherzer 2002 , but not in others (Wustman et al. 2001 , McDonald et al. 2002 . In some experiments, elevated [CO 2 ] exacerbated the harmful effect of elevated [O 3 ] (Kull et al. 1996 . Responses are strongly dependent on the length of the experiment, growth conditions and the developmental stage of the plants studied. To clarify the interaction of O 3 and CO 2 on growth of forest trees, more long-term studies with large, mature trees are needed.
Silver birch is an economically important tree species in the Northern Hemisphere (Matyssek 2001 ) that shows great variability in O 3 sensitivity among genotypes (Matyssek 2001 , Oksanen and Holopainen 2001 , Oksanen and Rousi 2001 .
In our study, we used open-top chambers (OTCs) to expose field-grown trees of an O 3 -tolerant and an O 3 -sensitive silver birch clone to elevated [CO 2 ] and [O 3 ], both alone and in combination, for 3 years. We monitored the effects of elevated [CO 2 ] and [O 3 ] on various growth parameters to test three hypotheses: (1) field-grown silver birch benefits from increasing [CO 2 ] in the atmosphere; (2) elevated [O 3 ] causes damage and growth losses; and (3) elevated [CO 2 ] can compensate for the negative effects of elevated [O 3 ]. We also hypothesized that data from large field-grown silver birch trees are comparable with results obtained with small saplings.
Materials and methods

Field site and plant material
The experimental field is located at Suonenjoki Research Station in central Finland (62°39′ N, 27°03′ E, 120 m a.s.l.). The plantation was established in 1993 with 1-year-old cloned silver birch saplings, representing 15 clones originating from southern and central Finland as described by Mutikainen et al. (2000) . The experimental plots in this study had the same design as described by Mutikainen et al. (2000) . The study trees were fertilized annually, receiving 12, 12, 17, 17, 22 and 22 kg N ha -1 (18:5:10 , N,P,K) in the years 1993-1998, respectively. Forty trees representing Clones 4 (V5952, O 3 -tolerant) and 80 (K1659, O 3 -sensitive) were selected for the 3-year OTC experiment. The O 3 sensitivity of the clones had been determined previously in a 2-year pot experiment with 2-year-old saplings that were exposed to low [O 3 ] (1.6 × and 1.7 × ambient [O 3 ]) and had been ranked according to visible injuries, growth and leaf senescence (Pääkkönen et al. 1997) .
At the beginning of the experiment, the trees were 7 years old with a mean height of about 5 m and a mean stand density of 4200 stems ha -1 . During the experiment, the trees were fertilized at 2-to 3-week intervals, receiving 22, 33 and 41 kg N ha -1 in 1999, 2000 and 2001, respectively . Soil water content was measured twice a week by time domain reflectometry (TDR) (TRIME-FM, IMKO Micromodultechnik GmbH, Ettlingen, Germany), and the trees were watered when soil water content was < 10% on a volume basis. The amount of water needed to maintain > 10% water content was estimated from the water retention characteristics of the soil, which were measured in 1999. Soil water content at field capacity was 11.8% (Vapaavuori et al. 2002) .
Carbon dioxide and ozone exposure, and temperature and light conditions in open-top chambers
The trees were grown and fumigated for three growing seasons in cylindrical OTCs (one tree per OTC) that were 2.5 m in diameter and 7.8 m high. [O 3 ] above 40 ppb during daytime hours) and AOT00 (i.e., sum of hourly [O 3 ] above 0 ppb during daytime hours) values are given in Table 1 . Ventilation and temperature were controlled by blowing air into the chambers at a flow rate of 0.1-0.6 m 3 s -1 with computer-controlled blowers. The temperature sum for each year is presented in Table 1 . Mean daily temperature was 1.7, 2.3 and (12, 12 and 14 h in 1999, 2000 and 2001, respectively) , and [CO 2 ] is expressed as the mean of each growing season. For the EO and EC treatments, data are the means ± SD of 16 chambers and n = 1 for the CC treatment. Temperature sum is the mean of all 32 chambers ± SD, and temperature of ambient air was measured at one location within the canopy. Abbreviations: CC = chamber control; EC = elevated [CO 2 2.4°C higher in the chambers than in ambient air during the 1999, 2000 and 2001 growing seasons, respectively. The polyethylene film used to cover the chambers transmitted 91% of the incident light at wavelengths of 400 -800 nm; transmittance decreased sharply at wavelengths < 400 nm and only 4.3% of the light at 300 nm was transmitted through the film.
Growth analysis
Height growth and stem diameter growth at 130 cm aboveground were measured each growing season. Timing of leaf fall was monitored by collecting the fallen leaves within the chambers weekly during each growing season from mid-July onward, which also enabled measurements of total leaf mass and area. These leaves were also used to determine specific leaf area (SLA): for which purpose, leaf area (LI-3050A leaf area meter, Li-Cor, Lincoln, NE) and leaf dry mass were measured weekly during September for 20 randomly sampled fallen leaves for each chamber tree. Total leaf area was obtained by multiplying mean SLA by the total dry mass of the leaf litter. The seeds produced by the trees in 2001 were collected manually at the beginning of August, dried at room temperature and weighed.
Final harvest
At the beginning of October 2001, the 40 study trees were harvested. Total stem length and yearly height increment in 1998, 1999, 2000 and 2001 were measured. Stem diameter was measured at the stem base, at 130 cm above ground and at 40% of the total stem height as well as at the base of the 1998, 1999, 2000 and 2001 stem sections. Total dry mass of the stem sections and branches was calculated from the fresh mass/dry mass ratio, measured in 1-cm-thick stem samples and a randomly selected branch from each stem section. Dry mass of each sample was determined after drying at 60°C for 5 days. Coarse roots were excavated in May 2002 within a 1.5-m-diameter circle and to a depth of 20 cm using the stump as the central point. According to Laitakari (1935) , the mean depth of a silver birch root system in sandy soil (stem diameter at 130 cm = 5 -10 cm) is about 14 cm. Thus, most of the coarse roots were included in the excavated soil volume. After washing, the roots were dried at 80°C and weighed. Biomass allocations to leaves (leaf mass ratio, LMR), branches (branch mass ratio, BMR), stems (stem mass ratio, SMR) and roots (root mass ratio, RMR) were determined as percentages of total dry mass of the tree. To estimate the stem volume of trees, a stem curve was formulated from the height and stem diameter measurements at the final harvest based on the taut spline of de Boor (1978) , which provides smooth and stable interpolating functions (stability parameter was given the value 6). Stem volume was computed separately for the stem between the base and 130 cm above ground and for the top section by integrating the crosssectional area obtained from the stem curve. Stem curves were computed using the Jakta program (Lappi 2002) . To estimate stem volumes during previous years, linear regression equations were estimated for the form factors (ratio of volume to the corresponding cone volume) of both stem sections with basal diameter, diameter at 130 cm above ground and total height as potential predictor variables. The lower form factor was dependent on the difference between basal diameter and diameter at 130 cm above ground, and the upper form factor was dependent on total height. Both regressions behaved logically for small stems. Previous stem volumes were computed using these form factor regressions.
Data analysis
Data were analyzed as the means of eight replicates per treatment when the clones were pooled and as the means of four replicates per treatment when the clones were analyzed separately. The chamber effect was studied by comparing CC and OC trees and the treatment effects were studied by excluding OC trees from the analysis. Initial values of height and stem diameter were the covariates in the analyses of stem height and diameter growth, and the initial stem volume was the covariate in the analysis of stem volume growth, biomass and leaf area. Mean values in the figures and tables are normalized with a covariate (estimated marginal means). Height, stem diameter and stem volume growth increments, total leaf area and leaf abscission data were subjected to analysis of variance (AN-OVA) for repeated measurements, with [CO 2 ], [O 3 ], year and clone as fixed factors. To identify treatment differences in timing of leaf abscission, a cumulative leaf abscission curve was formed. From the curve, the date when about 50% of the leaves of CC trees had abscised was determined (September 27, September 29 and October 1 in 1999, 2000 and 2001, respectively). The date was determined from data where the clones were pooled. Differences in leaf abscission between treatments were compared on the same dates. Biomass and mass ratio data were analyzed by three-way ANOVA. All mass ratios and percentages were arcsine-transformed before analyses. Root biomass data were log-transformed to meet ANOVA requirements. For seed biomass and SLA data for the year 2001, the non-parametric Kruskal-Wallis test was used. Differences were considered to be significant at P = 0.05. All statistical analyses were performed with SPSS for Windows, Version 11.5.1 software (SPSS, Chicago, IL).
Results
Height, stem diameter and stem volume growth
In general, the two clones had similar height, stem diameter and stem volume growth (Figures 1 and 2 , Table 2 ). When data for the clones were analyzed together, stem volume and stem diameter growth were increased by elevated [CO 2 ], whereas height growth was unaffected (Figures 1 and 2 , Table 2 ). When results for the clones were analyzed separately, elevated [CO 2 ] increased stem diameter growth (Table 2) . In Clone 80, stem volume growth was increased 56 and 54% by the EC and EC+EO treatments, respectively, compared with the CC treatment, and the elevated [CO 2 ] effect was enhanced during the experiment ( Figure 2 , Table 2 ).
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Leaf area
Total leaf area, calculated from fallen leaves at the end of each growing season, was similar in the clones ( Figure 3 , Table 2 ). Elevated [CO 2 ] increased total leaf area when results for both clones were analyzed together. This response to elevated [CO 2 ] was due solely to the response of Clone 80: the EC and EC+EO treatments increased total leaf area of Clone 80 by 28 and 34%, respectively, and the elevated [CO 2 ] effect was magnified during the experiment. In Clone 4, there were no main treatment effects, but elevated [O 3 ] tended to decrease total leaf area by 24% ( Figure 3 , Table 2 ). Leaf abscission occurred earlier in Clone 80 than in Clone 4. In both clones, leaf abscission was significantly delayed in elevated [CO 2 ]. When data for both clones were analyzed together, leaf abscission was accelerated by elevated [O 3 ] (Figure 4 , Table 2 ).
Biomass and biomass allocation
Total dry mass was similar in Clones 4 and 80 (Tables 3 and 4) . Elevated [CO 2 ] increased the dry mass of all plant parts when results for the clones were analyzed together. The increase was mainly attributable to increased growth in Clone 80, where dry mass of all plant parts increased and total dry mass was 40 and 49% greater in the EC and EC+EO treatments, respectively, than in the CC treatment. In Clone 4, elevated [CO 2 ] had a significant positive effect on root dry mass only. In the pooled data and in the data for Clone 4, there was a significant interac- (Tables 3 and 4) . Seed production, measured in 2001, was significantly higher in Clone 80 than in Clone 4. In Clone 80, elevated [CO 2 ] significantly increased seed dry mass, whereas seed dry mass was low in the other treatments (Tables 3 and 4) .
Although total biomass was similar in the two clones, there were clonal differences in some biomass allocation parameters. For example, SMR and mean leaf size (MLS) were greater in Clone 80 than in Clone 4, whereas BMR, LMR, leaf area ratio (LAR) and SLA were greater in Clone 4 than in Clone 80 (Tables 5 and 6 ). Clonal responses to the treatments varied (Tables 5 and 6 ). When the clones were analyzed together, elevated [O 3 ] decreased mean leaf size in ambient [CO 2 ]. In both clones, elevated [CO 2 ] decreased SLA (Tables 5  and 6 ).
Discussion
Experimental conditions
In this experiment, we simulated growth conditions predicted to prevail by the end of this century by doubling ambient [CO 2 mean daily temperature was 2-3°C higher, and light and relative humidity were slightly lower than in ambient air (Vapaavuori et al. 2002) . The clones responded similarly to the altered microclimate, and there were no significant chamber effects on the measured growth parameters despite the genetic differences in growth patterns and physiological properties of the clones (Riikonen et al. 2003) . However, biomass allocation differed between clones: Clone 80 preferentially invested carbon in stem growth, whereas Clone 4 primarily invested carbon in the growth of branches and leaves.
Ozone sensitivity of silver birch clones
The response of our 10-year-old field-grown trees to elevated [O 3 ] was opposite to that previously reported in an O 3 -sensitivity test on potted seedlings (Pääkkönen et al. 1997 ). Contrary to the study of Pääkkönen et al. (1997) (Oksanen 2003) . Our data pinpoint the difficulties in assessing O 3 sensitivity of genotypes at the seedling or sapling stage, because O 3 sensitivity may increase or decrease during growth and maturation. Such changes in O 3 sensitivity may be partly explained by higher respiratory costs and lower photosynthetic rates and stomatal conductances in mature trees compared with saplings (Oksanen 2003) . Elevated [O 3 ] often reduces root growth of tree species (Coleman et al. 1995 , Rebbeck and Loats 1997 , Oksanen and Rousi 2001 . In our study, root growth was inhibited by elevated [O 3 ] in Clone 4 in ambient [CO 2 ] conditions only. Decreased root growth may be associated with decreased translocation of assimilates from shoots to roots (see review by Skärby et al. 1998) or decreased C available from photosynthesis (Paludan-Müller et al. 1999) . Coleman et al. (1995) concluded that O 3 preferentially damages older leaves that provide most of the energy required for root growth. When we analyzed the pooled data for both clones, elevated [O 3 ] reduced mean leaf size in ambient [CO 2 ] and accelerated leaf abscission. Furthermore, in Clone 4, total leaf area and total leaf mass tended to decrease in response to elevated [O 3 ] in ambient [CO 2 ]. These responses would result in a shorter period of active photosynthesis and a decreased photosynthetic surface area, leading to decreased net photosynthesis and growth at the tree level. However, elevated [O 3 ] had no effect on photosynthesis at the leaf level in either Clone 4 or Clone 80 (Riikonen et al., unpublished observations) . Nevertheless, the reduction in root biomass in Clone 4 in response to elevated [O 3 ] was reflected in reductions in total biomass and branch biomass, but only under ambient, not elevated, [CO 2 ] conditions. The reason for the clonal differences in O 3 sensitivity is unclear, because the gas exchange parameters were unaffected by elevated [O 3 ] in either of the clones (Riikonen et al., unpublished observations) . Increased O 3 tolerance could be related to thick leaves and cell walls , investment in foliage mass (Pääkkönen et al. 1996) , low stomatal density and conductance (Pääkkönen et al. 1997 ) and low growth rate (Skärby et al. 1998 decrease the flux of [O 3 ] to the leaves. In turn, the higher O 3 tolerance of Clone 80 may be related to more efficient detoxification of reactive oxygen species by the leaves, which is an important determinant of O 3 sensitivity (Rao et al. 1995) .
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Elevated [CO 2 ] and growth
When data for both clones were analyzed together, elevated [CO 2 ] had a positive effect on the growth parameters measured and, in accordance with earlier studies, stem diameter growth was accelerated more than height growth (Kubiske et al. 1998 , Isebrands et al. 2001 , Sigurdsson et al. 2001 . In Clone 80, the elevated [CO 2 ] treatments increased total biomass by 40 -49%, which is comparable with the average increase of 49% reported for deciduous trees (Saxe et al. 1998 ). Elevated [CO 2 ] increased the stem volume of Clone 80 by 44%, which is considerably more than the 28% reported for aspen in FACE and OTC studies (Zak et al. 2000 , Isebrands et al. 2001 . Because most CO 2 studies have been conducted on young seedlings in which leaf area has not stabilized, it is not known if the growth stimulation by elevated [CO 2 ] will be sustained after canopy and root closure (Rey and Jarvis 1997 , Centritto et al. 1999 , Norby et al. 1999 ). In our stand, which was approaching canopy closure, the growth enhancement in Clone 80 was sustained over the 3 years and the stimulation by elevated [CO 2 ] of stem volume growth was enhanced toward the end of the experiment. According to Centritto et al. (1999) , the main effect of elevated [CO 2 ] is acceleration of ontogenetic development in the early phase of exposure. However, Zak et al. (2000) found that plants grew larger and faster in elevated [CO 2 ], at both low and high concentrations of soil nitrogen. In our experiment, elevated [CO 2 ] significantly increased seed production in Clone 80, indicating ontogenic advancement in addition to increased growth. There are few studies in which the growth response to elevated [CO 2 ] has been insignificant (Volin and Reich 1996 , Kubiske et al. 1998 , Sigurdsson et al. 2001 . We found no significant increase in total dry mass, stem volume or total leaf area of Clone 4 in response to elevated [CO 2 ], although net photosynthesis increased in elevated [CO 2 ] in both clones (Riikonen et al., unpublished data) . In our study, the difference in growth response of the clones was unrelated to differences in nutrient availability at the site, because trees of both clones experienced the same fertilizer regimes and the soil nutrient concentrations (Vapaavuori et al. 2002) were comparable with those of forest and nursery soils (Luoranen 2000) . It is possible that the clones differ in growth requirements, reflecting their different origins. Clone 4 may have been subject to greater environmental stress in Suonenjoki than Clone 80, which was growing closer to its latitude of origin (Vapaavuori et al. 2002) . If so, the overall capacity to increase sink size may have been limited in Clone 4. Alternatively, Clone 4 may have invested more in processes other than growth. This notion is supported by other data from this site showing a higher leaf phenolic content in Clone 4 than in Clone 80, indicating increased investment in chemical defence (Peltonen et al., unpublished observations) .
Combined effects of elevated [CO 2 ] and [O 3 ]
The negative effects of elevated [O 3 (Mortensen 1995 , Volin and Reich 1996 , Dickson et al. 1998 , Loats and Rebbeck 1999 and long-term open-field and OTC studies with aspen and yellow-poplar (Percy et al. 2002, Rebbeck and Scherzer 2002 Norby et al. 1999 ). Tree growth is determined by the length of the growing season, which may be affected by the predicted climate change. Elevated [O 3 ] resulted in earlier leaf abscission, (observed when the clones were pooled), which is a typical response to O 3 in many deciduous species , Bortier et al. 2000 and may be related to O 3 -induced ethylene production (Kangasjärvi et al. 1994) . The studies of the effect of elevated [CO 2 ] on the timing of leaf abscission have yielded contradictory results (Gielen and Ceulemans 2001) . In our study, the treatments with elevated [CO 2 ] delayed leaf abscission.
Seed production
The effects of elevated [CO 2 ] and [O 3 ] on seed production are not well known, because most studies have been made with juvenile trees. As reviewed by Black et al. (2000) , elevated [O 3 ] reduces seed yield in a wide range of species, either directly by affecting the reproductive structures or indirectly by altering assimilate production and partitioning. In contrast to [O 3 ], elevated [CO 2 ] usually stimulates plant reproduction, although there is great variability in the effect among species (Jablonski et al. 2002) . Seed production in Clone 4 was negligible in all treatments. In Clone 80, the elevated [CO 2 ] treatments significantly increased seed production, perhaps indicating accelerated ontogenetic development in elevated [CO 2 ], as suggested by Centritto et al. (1999) . Elevated [O 3 ] alone had no effect on seed production, but in combination with elevated [CO 2 ], seed production was 3.5-fold greater than with elevated [CO 2 ] alone. Ozone is known to alter the synthesis and distribution of plant hormones and induce chemical defence genes (Kangasjärvi et al. 1994) , which may be involved in the mechanism underlying the interaction we observed.
In conclusion, elevated [CO 2 ] increased stem diameter and volume growth, total biomass and total leaf area when results for both clones were analyzed together. . The response of our 10-year-old field-grown trees to elevated [O 3 ] was opposite to that previously reported in an [O 3 ]-sensitivity test on potted saplings. This finding indicates that O 3 sensitivity changes with exposure period and tree growth and highlights the need for long-term field experiments with mature trees to assess the effects of climate change on natural forests.
